or one of four transvenous electrode configurations (52 patients). Paired comparisons of DFT60 and DFT120 were made for 44 defibrillation pathways using monophasic pulses and for 53 pathways using biphasic pulses. Truncated exponential pulses with 65% tilt were used. Pooled data from all electrode configurations showed a significant inverse correlation between pathway resistance and the ratio of stored energy DFT60 to DFT120 (monophasic pulses: r=.75, P=.0001; biphasic pulses: r=.68, P=.0001). Data from all electrode configurations formed a continuum with 120-,uF capacitors superior for low-resistance pathways and 60-,F capacitors superior for high-resistance pathways. For pathways T he time constant of truncated exponential pulses used with implantable defibrillators is the product of the resistance of the defibrillation pathway and the capacitance of the output capacitor.1'2 It is the pulse duration required for the voltage to fall to e'1 (37%) of the initial voltage and to deliver 86% of the stored energy. Because stored energy is an important determinant of pulse generator size, optimizing the size of the output capacitor may permit use of smaller pulse generators. This in turn may simplify pectoral implantation and decrease the morbidity and cost of implantable defibrillator therapy.
Theoretical and empirical models suggest that biostimulation can be achieved with minimum energy when the time constant of the stimulating pulse is close to the biologic time constant of the heart.3 It has been hypothesized that the same principles apply to defibrillating pulses,4 and most studies of the relation between defibrillation threshold (DFT) and pulse duration confirm that pulses that are either too short or too long require higher energies to defibrillate. For pathways with resistance .61 Q1, the DFT was <15 J for 19% of pathways using monophasic 120-,uF pulses versus 95% for 60-,uF pulses. Similarly, the DFT was <10 J for 48% of pathways using biphasic 120-,F capacitors versus 83% for predicts that optimal capacitance for monophasic defibrillating pulses is inversely related to pathway resistance if pulse duration is also optimized.10 However, optimal pulse duration is not known.6-9,11 To investigate the relation between optimal capacitance and pathway resistance, we compared the DFT for standard 120-,uF capacitors (DFT120) and the DFT for smaller 60-,uF capacitors (DFT60) at implantation of cardioverterdefibrillators. Multiple electrode configurations were studied to permit observations over a wide range of pathway resistances using clinical defibrillation pathways.
Methods
Patients Table 1 is a summary of the patients' clinical characteristics. They were studied at the time of new implantation using transvenous electrodes (52 patients) or pulse generator change using epicardial electrodes (15 patients). Patients gave written, informed consent according to a protocol approved by the Human Subjects Committee.
DFT Testing
The DFT was measured after 10 seconds of induced ventricular fibrillation. Truncated exponential pulses with 65% tilt were delivered using an external cardioverter-defibrillator with modular output capacitors (Model 2394, Medtronic Inc). The value of the output capacitor was selected to be either 60 or 120 ,F. These values were measured by calculating the tilt of fixed-duration pulses delivered into a calibrated external resistor and taking into account the internal resistance of the (P<.0001) for both monophasic pulses and biphasic pulses: 120-,uF capacitors are superior for low-resistance pathways, and 60-,F capacitors are superior for high-resistance pathways. The linear correlation is slightly stronger for monophasic pulses than for biphasic pulses (r=.75 versus r=.68), and the slope of the regression line is steeper (-.19 versus -.14), but these differences were not significant. Higher-order polynomial functions had weak higher-order terms and did not improve the correlation.
Although there is considerable scatter in both the monophasic and biphasic plots, the points for all electrode configurations lie generally along a continuum. Subgroup analysis for each electrode configuration is summarized in Table 3 . Despite the narrow range of pathway resistances and smaller sample size for each electrode configuration, there is a significant inverse relation within two of three configurations tested using monophasic waveforms and two of four configurations tested using biphasic waveforms.
Two-factor ANCOVA demonstrated a significant effect on the ratio of DFT60 to DFT120 only for pathway The clinical advantage of 60-,uF capacitors for highimpedance pathways is illustrated by the percentile plots of DFTs for pathways with resistance 261 Q shown in Fig 4. For monophasic pulses, the DFT was .15 J for 19% of pathways using 120-,uF capacitors versus 95% for 60-,F capacitors. Similarly, for biphasic pulses, the DFT was l10 J for 48% of pathways using 120-,F capacitors versus 83% for 60-,uF capacitors.
Electrode Configurations
There were no significant differences in any of the clinical variables shown in Table 1 when patients were stratified by electrode configuration. 
Safety
No patient who completed the protocol developed a fall in arterial pressure of more than 20% or 1 mm of ST-segment depression that persisted for more than 30 seconds. The protocol was aborted in one patient who developed hypotension and responded rapidly to a transient vasopressor infusion. Four patients with severe clinical heart failure and one patient with frequent, spontaneous ventricular tachycardia were observed after surgery in the intensive care unit; the remaining 62 patients returned to monitored beds. All patients ambulated on postoperative day 0 or 1. No patient developed hypotension or exacerbation of heart failure in the perioperative period. Plasma concentrations of creatine kinase-MB fraction were not determined routinely, but the maximum value was normal (2.5 IU) in the one patient who developed intraoperative hypotension.
Discussion
In the present study, we compared DFTs for conventional 120-plF capacitors and for smaller 60-,uF capacitors for clinical electrode configurations and waveforms. The results show an inverse relation between optimal capacitance and pathway resistance: DFT60 was moderately higher than DFT120 for low-resistance pathways, substantially lower than DFT120 for highresistance pathways, and comparable to DFT120 for intermediate-resistance pathways. This general relation applied to both monophasic and biphasic pulses over a wide range of pathway resistances. Thus, no single value of capacitance will minimize the DFT for all pathways; rather, capacitance should be optimized for the resistance of each pathway.
Comparison With Previous Studies
There are three published (preliminary) reports of the effect of varying capacitance for implantable cardioverter-defibrillators. Comparisons of 85-,F capacitors with 140-,F capacitors using epicardial electrodes in pigs showed a 27% decrease in stored energy DFT for 85-,uF capacitors using monophasic pulses21 and a 21% decrease using biphasic pulses. The size of output capacitors is constrained by the combined requirements to store sufficient energy to defibrillate reliably and to operate below voltages at which components of the output circuit fail or myocardial damage occurs.10,262829 The output circuits of current pulse generators can operate safely at voltages over 1000 V.1 10 There is substantial reason to believe that voltages higher than 750 V (corresponding to 34 J from a 120-,F capacitor) may be safe. During defibrillator implantation, internal 815-V (40 J) rescue shocks are given routinely, pulses up to 1000 V have been shown to be safe in dogs,30 and humans have been defibrillated safely with voltages up to 1420 V. 31 In the present study, we detected no adverse effects from 910-V pulses (25 J from 60-,uF capacitors). However, additional safety studies are required before voltages greater than 750 V can be recommended for implanted pulse generators.
For high-resistance pathways, our findings show that 60-,uF capacitors provide lower DFTs than conventional 120-,uF capacitors. They Pulse duration is a constant multiple of RC for fixed-tilt pulses. The multiple is 1 for 63% tilt. Using the approximation RC=d for the 65% pulses in this study, we obtain the following: DFT60 2(60x 10-6R+dc)2 DFT120 (120x10-6R+dc)2 Therefore: /DFT60 i DFT120 =2 and (DFT60 R kDFT120) Thus, the ratio of DFT60 to DFT120 is bounded by 2 for low-resistance pathways and 0.5 for high-resistance pathways. Other values lie in an intermediate range. The precise shape of the curve depends on the value of dc, which is not known in humans.
